2 Keuper evaporite signatures that progressively decreases with height; (2) in the higher parts affected by powdering the impact of atmospheric sulphur becomes detectable; and (3) locally, plaster reparations impact the neighbouring limestone through dissolution and re-precipitation of gypsum. Nitrogen and oxygen isotopes of nitrates suggest an organic origin of nitrates of in all samples. N isotope signatures are compatible with those measured in the alluvial aquifer of the Moselle River further downstream. This indicates contamination by sewage or organic fertilizers. Significant isotopic contrasts are observed between the different degradation features depending on the height and suggest historical changes of nitrate sources.
Keywords: stone degradation, sulphate, nitrate, capillary rise, cultural heritage, isotope fingerprinting, sulphur, oxygen, nitrogen.
Historical and environmental context
The "Entombment of the Christ" is a recurrent motive of French statuary of the 15 th and 16 th century (Forsyth, 1970) . (Karsallah, 2009 , Fréchet, 1991 supposedly by an east-European artist. The group of sculptures comprises 13 standing or lying life-size statues and 8 smaller statues of angles suspended at the vault. It is likely that the present day emplacement is the historical one even if important modifications in the 19 th century are reported (partial replacement of the soldier group, De Sansonetti 1844). The last restoration campaign took place in 1973. This campaign was limited to replacing lost parts and ignored soluble salts as the principal cause of those losses. The gradual evolution of salt degradation can be followed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 interpreted in the light of the fact that before the last quarter of the twentieth century damages due to salts were often attributed to frost or to wind erosion. Alluvial aquifers are generally hydraulically connected to the river; it is therefore likely that accompanying groundwater has similar contents of major ions especially during high-flow conditions where river water inflow predominates compared to local recharge. Supplementary input of nitrates is possible via the sewer network and diffuse agricultural pollution but the decomposition of human corpses in tombs can also play a role as nitrogen source (WHO, 1998) . Dissolved ions may contribute to the degradation of the "Entombment of the Christ" through capillary rise of groundwater. Air pollution is another source of soluble salts and has been strong in the past as witnessed by thick black crusts on the Southern facade of the church. Air pollution is mainly a source of sulphates, to a much lesser extent of nitrates and chlorides. Air pollution mainly affects the exterior of buildings but also, to a minor but still measurable extent, their interior (e.g. Kramar et al., 2011) . Indeed, Pont à Mousson became, from 1856 onward, the most important centre of cast iron tube production in France with up   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 to five blast furnaces in activity, reduced to two in 2009 and one in 2011. Other factors of local air pollution are heavy car traffic and a nearby thermal power plant (DRIRE, 2004) .
Gypsum plaster reparations which have been identified in several places (Rolland, 2012) represent a supplementary risk of sulphate contamination (Kloppmann et al., 2011 , Vallet et al., 2006 , in particular in the context of capillary rise which may lead to dissolution, mobilisation and recrystallization of the calcium sulphates which constitute gypsum plaster.
The present multi-isotope study is part of the pre-restoration assessment currently conducted by O. Rolland on account of the DRAC (Regional Division of Cultural Affairs)
Lorraine. The choice of the isotope tracers, employed in the aim of elucidating sources and mechanisms of weathering, was guided by the nature of the observed soluble salts.
Preliminary investigations found mainly sulphates and nitrates with some chlorides, so we combined  34 S and  18 O (SO4) with  15 N and  18 O (NO3) with the aim of constraining the sources of soluble salts inducing different types of alteration. Curiously enough, given the widespread occurrence of both Na-and K-nitrate salts (nitre, nitratine), alums and Ca-, Mg-, Na-sulphates in building stones (mainly gypsum, thenardite, mirabilite, hexahydrite and epsomite, Flatt, 2002) , this combination of tools has, to our knowledge, never been applied before. There is a long record of isotope studies using  34 S signatures of black crusts and other alteration features of building stones and sculptures since the early works in Salt Lake City (Dequasie and Grey, 1970) , Venice (Longinelli and Bartelloni, 1978) , and Prague (Šrámek, 1980; Buzek and Šrámek, 1985; Buzek et al., 1991 ; for a more complete bibliography refer to Kloppmann et al., 2011, and Sanjurjo-Sanchez & Alves, 2012) . The ambiguity of mono-isotope studies (overlap of signatures of a large diversity of sources) can be overcome by combining several tracers. After rare precursor studies in Venice (Longinelli and Bartelloni, 1978) , and Antwerp (Torfs et al., 1997) , recent works on stone decay combine oxygen and sulphur isotopes in sulphate to discriminate pollution sources in urban environment (Vallet et al., 2006, , Schleicher and Hernandez, 2010 , Kloppmann et al., 2011 . Less "traditional" isotopes have been recently combined with sulphur and oxygen, like boron (Kloppmann et al., 2011) giving hints to the relative role of air pollution (coal combustion), and sea-salts on monument in a coastal setting. Strontium and sulphur isotopes were analysed together in salt efflorescences degrading the Angkor monuments and indicated bat guano as main source of salts (sulphates, phosphates, carbonates, Hosono et al., 2006) . Lead and strontium isotopes were combined (Åberg et al., 1999) to investigate the role of traffic in the degradation of Norwegian rock carvings. Steelman et al., (2002) is a rare example for the use of nitrogen isotopes in stone degradation studies. Using nitrogen combined with carbon isotopes they revealed animal origin of black crusts on cave paintings in Idaho.
We hypothesized use of the constituent isotopes of the observed nitrate and sulphate salts would provide better constraints for disentangling the potential pollution sources impacting the sculpture group. Our sampling strategy focused on the different degradation features, including disintegration, powdering and efflorescences, and on the supposed contamination end members: (1) Black crusts which can be considered as representative of air pollution and integrating the pollution signal over long periods (Camuffo et al., 1983; Ausset et al., 1998 , Kloppmann et al., 2011 , (2) Moselle water potentially contributing salts from its dissolved load through capillary rises, and (3) gypsum plaster used abundantly for reparations as potential sulphate source.
Materials and Methods

Sampling
Sampling was limited to the surface of the degraded parts of the limestone, by superficial scraping of the disintegrated parts and brushing of the disintegrated powdering parts and of efflorescences ( Figure 1 Sulphur and oxygen isotopes of sulphates; For sulphur and oxygen isotope ratio determination lixiviate was filtered at 0.22 µm and acidified before adding BaCl 2 . The precipitate of BaSO 4 is then recovered on a 0.45 µm filter, dried at 60°C for at least one night.
Sulphur: 300 µg of BaSO 4 is mixed with V 2 O 5 in a tin capsule. The capsule is then introduced in the elemental analyser (Flash EA) and the BaSO 4 reduced to SO 2 at 900°C. The SO 2 gas, purified by gas chromatography is then analysed on a Thermo Scientific
DELTAplus XP continuous flow mass spectrometer (CF-IRMS).
Oxygen: A 200 µg aliquot of the previously obtained BaSO 4 in a silver capsule are injected into a graphite pyrolysis oven at 1450°C. The oxygen reacts with the graphite and forms CO 7 gas which is, after purification by gas chromatography, analysed by CF-IRMS (DELTAplus XP).
The standard analytical error between duplicate analyses is lower than ±0.3 ‰ for both sulphur and oxygen.
Nitrogen and oxygen isotopes of nitrates:. The lixiviate was purified by several subsequent steps of ion exchange and precipitation of chlorides, carbonates, sulphates and phosphates by adding AgCl and BaCl 2 (modified after Chang et al., 1999 , Silva et al., 2000 .
Solid nitrates are then obtained as AgNO 3 by lyophilisation.
The solid AgNO 3 in a silver capsule is then injected in a graphite pyrolysis oven at 1450°C.
The gases obtained (CO and N 2 ) are separated by gas chromatography and analysed successively by CF-IRMS (Thermo Scientific DELTA V).
All samples were measured as duplicates with a standard analytical error of lower than 0.5 ‰.
Results and Discussion
Chemistry of soluble salts
Major ions (Table 2, concentrations of other elements so that they plot outside the tendencies observed for the altered stone samples. Sample EF1 is somewhat richer compared to sample EF2 in sulphates   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 and chlorides (25 mg/g and 4 mg/g respectively, Figure 2 ). Both the black crust CN1 and the plaster of Paris PL1 contained more than 50% calcium sulphate;
The water sample from the Moselle river, taken in November 2010 ( Meybeck, 1986) . This is due to the presence of Triassic evaporites upstream of Pont-à-Mousson containing gypsum and halite (Brenot et al., 2010) . Nitrate and potassium contents were, on the contrary, quite low at the moment of sampling (3.4 and 1 mg/L respectively). The river water could therefore represent an important source of sulphates and chlorides, via groundwater and capillary rise. It has to be stated that nitrate concentrations in the river, mainly related to agricultural activities, are bound to vary strongly over the year (a range of 0.7 to 15 mg/L has been measured at Pont St. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 tracer of Moselle water and of the accompanying alluvial groundwater as it can be expected that atmospheric inputs are not a significant source of chloride in a continental context.
Regional rainwater has in fact chloride concentrations < 3 mg/L in the studied zone (Blum et al., 2002) . The influence of river water/groundwater is perceptible for all sampling points but concentrations of chlorides and nitrates are higher in the upper parts of the statues. Less soluble salts (calcium sulphates) precipitate first during capillary rise whereas more soluble salts (nitrates and chlorides) stay mobile and crystallise later, leading to the formation of efflorescence and powdering. Such a zonation has been reported for stone monuments concerned by capillary rise (Arnold, 2004) 
Sulphur and oxygen isotopes of sulphates
Potential sources of sulphates including air pollution, Moselle water, and groundwater, as well as gypsum plasters used for reparations may be distinguished isotopically ( (Kampschulte & Strauss, 2004) in the same range as observed for the plaster endmember.
All stone samples fall clearly off a mixing line for  18 O and  34 S of the atmospheric and the plaster endmember. We observe two mixing trends requiring a third endmember which is (Chiba and Sakai, 1985) .
Judging from the isotopic composition of sulphates of the "Entombment of the Christ" we can derive the following conclusions on their origin: Sulphates contained in the altered parts at the base of the statues show the influence of Moselle water or of river-derived groundwater in the alluvial aquifer, dominated by the dissolution of Keuper gypsum in the upstream parts of the catchment. The influence of river water can be explained by capillary rise of groundwater, in particular during high-water conditions that lead to rising groundwater levels.
During the winter months the total sulphate concentrations will be lowered by dilution and the relative contribution of agricultural input increased (Brenot et al., 2007) . The powdering alteration in the higher parts of the statues falls between Moselle water and the "air pollution" endmember represented by the black crust CN1. The highest sample (PA4, female saint above the right breast) reveals to be closest to the atmospheric endmember. The influence of capillary rise is visible, for sulphate salts, up to the mid-height of the statues due to preferential precipitation of gypsum in the lower parts and overrides to varying extents the atmospheric signatures. Air pollution seems to have impacted the statues in spite of their sheltered situation in the interior of the church which can be explained by the strong local 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 environmental pressure of metal industry and car exhausts. Indeed, the outdoor samples fall in the range of  34 S values reported for "pure" car traffic sulphur by Torfs et al., (1997) between -2.1 ‰ and +2.8 ‰. Gypsum plaster reparations constitute a significant source of calcium sulphate with a relatively limited spatial range of influence via dissolution, transport by diffusion or capillarity and reprecipitation at the stone surface.
Nitrogen and oxygen isotopes in nitrates
As Moselle water (E1) could not be analysed for nitrogen and oxygen isotopes in nitrates The analysed black crust CN1 was too low in nitrate to be analysed isotopically so that we lack the pure "air pollution" endmember for nitrate. In fact, "air pollution nitrate", if present in the chapel, would not be expected to be concentrated in black crusts. In fact, black crust formation is strongly linked to sulphur oxides and distribution of airborne nitrogen deposits would be probably very different from those of sulphates.  15 N values of NOx compounds, derived from coal combustion show isotope rations similar to modern urban atmospheric particles, ranging from 5 to 13 ‰ (Heaton, 1987 , Kiga et al., 2000 , Widory, 2007 .
References on  18 O of particle-bound nitrates are rather rare (Elliot et al., 2009) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 isotopes in altered calcareous building stones and the mechanisms of NO x oxidation, and interactions with ozone, SO x , and limestone are complex (Massey, 1999) .
The isotope signatures of nitrates (Table 2) Nitrates from all altered stone samples as well as the K-nitrate efflorescences fall in the field of animal waste (Figure 4 , Kendall et al., 2007) and are comparable to the signatures measured in the alluvial aquifer of the Moselle river further downstream. The nitrate contents of the altered stones seems therefore to stem from human faeces or animal waste, either via local sewage input or diffuse agricultural pollution of the riverine water by manure spreading in the upstream parts of the catchment. The fact that the measured Moselle water is richer in Na than in K is not incompatible with the preferential formation of nitre (KNO 3 ) in the efflorescences as solubility of nitre is by a factor of 2 (at 20°C) to 4 (at 0°C) lower than that of nitratine (NaNO 3 ) so that nitre will form first (Laue, 2005) .
We were not able to analyse the gypsum plaster sample given the low nitrate contents.
Gypsum plaster could be a priori an important source of sulphates due to its chemical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 composition (CaSO 4 ·2H 2 O) but is unlikely to deliver much nitrate given the low measured concentrations (6.2 mg/g in PL1). Even though, as nitrates are easily leachable and very mobile, the initial nitrate contents of PL1 could have been diminished by dissolution and diffusion. Point PA9 (altered stone at the exterior wall of the North tower) shows capillary rise as main source of nitrates whereas its sulphate signatures indicate the impact of air pollution.
On the whole, it is therefore likely that all nitrates are derived from capillary rise contrarily to sulphates where three sources have been identified (capillary rise, air pollution and gypsum plaster leaching).
The observed range in isotopic values of nitrates in the alluvial aquifer are too low to associate a distinct origin of nitrate salts with the different types of degradation (efflorescences, powdering, disintegration) or to the location of the samples (upper and lower parts of the statues). The reasons for the clumping of data for specific materials in Figure 4 is not totally clear. One hypothesis might be a succession of contamination with slightly different sources (eg. contribution of mineral fertilisers in the alluvial aquifer).
Conclusions and recommendations
Chemical major ion analyses (Cl, NO 3 Sulphates precipitate in the lower parts whereas more soluble salts rise higher and contribute to the powdering alteration. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 Neoformation of sulphates in the "Entombment of the Christ" group has a triple origin: (1) Moselle water contained in the alluvial aquifer in the disintegrated and powdering stones due to capillary rise, (2) air pollution which is superposed on the other sources and becomes progressively predominant in the higher parts less rich in sulphate, (3) dissolution of gypsum plaster used for restorations.
Nitrates are likely to be brought into the system by groundwater contaminated by sewage or diffuse agricultural pollution (isotope signature of "organic waste" type). Sepulchres with decomposed human material might also explain part of the observed saltpetre. The origin of the slight but significant differences between the isotope signatures of the different types of alteration is not fully elucidated. They could be historical resulting from successive pollution phases. Atmospheric input is not significant for the nitrate balance in the decayed parts of the sculptures. Isotope signatures of nitrates are less conclusive than S and O isotopes in our study as there is one predominating (organic) nitrate source. In another, multi-source context they may be more discriminating.
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